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We present the results of a search for a hidden mirror sector in positronium decays with a sensi-
tivity comparable with the bounds set by the prediction of the primordial He4 abundance from Big
Bang Nucleosynthesis. No excess of events compatible with decays into the dark sector is observed
resulting in an upper limit for the branching ratio of this process of 4.0× 10−5 (90% C.L.). This is
an order of magnitude more stringent than the current existing laboratory bounds and it constraints
the mixing strength of ordinary photons to dark mirror photons at a level of ε < 5.8× 10−8.
INTRODUCTION
“Now, after the first shock is over, I begin to collect
myself. Yes, it was very dramatic.” This extract of a
letter from W. Pauli to V. Weisskopf [1] reflects the state
of mind of the physical community in 1957 after the an-
nouncement of the discovery of parity violation in weak
interaction by Wu [2] and Lederman [3] predicted by Lee
and Yang [4] one year before. Nowadays, parity violation
is put ”ad hoc” in the Lagrangian of the Standard Model
(SM) but still there is no explanation of why vacuum
appears to be left-right asymmetric.
Some models postulate the suppression of the V + A
weak interaction by a heavy WR boson such that parity
would be restored at high energies [5, 6]. An alternative
solution is the one already discussed by Lee and Yang
in their original paper. In order to save parity conserva-
tion, they suggested that the transformation in the par-
ticle space corresponding to the space inversion x→ −x
should not be the usual transformation P but PR, where
R corresponds to the transformation of a particle (pro-
ton) into a reflected state in the mirror particle space.
The idea that for each ordinary particle, such as the
photon, electron, proton and neutron, there is a corre-
sponding mirror particle of exactly the same mass and
properties as the ordinary particle, was further developed
over the years [7–11]. R-parity interchanges the ordinary
particles with the mirror particles. Parity is conserved
because the mirror particles experience V +A (i.e. right-
handed) mirror weak interactions while the ordinary par-
ticles experience the usual V −A (i.e. left-handed) weak
interactions.
Doubling the content of the Standard Model to solve
some problems might seem un-natural, however it has
worked in the past. From the union of quantum mechan-
ics and relativity, anti-matter has been postulated hidden
sectors.
Moreover, mirror matter being stable and massive is
an excellent candidate for Dark Matter (DM). In fact,
even though the existence of DM has been established
by different cosmological observations (see e.g. for a re-
cent [12]), its origin is still unknown. Many candidates
have been proposed among which the most popular one,
Weakly Interacting Massive Particles (WIMPs). Despite
intensive searches in accelerators and in direct detection
experiments [13], WIMPs have not yet been observed.
An interesting alternative, which gained a lot of atten-
tion in recent years, is hidden sectors [14, 15]. This class
of models includes the possibility of a new force medi-
ated by a massive vector gauge U(1) boson, known as
Dark Photon (A’). The A’ would mediate the interac-
tion from ordinary and hidden sectors via kinetic mixing
L = εFµνF ′µν where ε is the strength and Fµν (F ′µν) the
SM (mirror) electromagnetic field strength tensor. This
term is gauge invariant and renormalizable. If the new
U(1) gauge symmetry is unbroken, the A’ is massless and
for the mirror hidden sector, the A’ corresponds to the
so called mirror photon [16].
As pointed out by Glashow [17], the photon mirror-
photon kinetic mixing would break the degeneracy be-
tween the triplet spin state of the electron-positron
bound state called orthopositronium (o-Ps) and mir-
ror partner (o-Ps’) connected via the oPs virtual an-
nihilation channel. In this case, the vacuum energy
eigenstates are a linear combination of the mass eigen-
states (o-Ps ± o-Ps’)/√2, which are separated by an
energy ∆ = 2hεν, with h the Planck constant and
ν = 8.7× 104 MHz the contribution from the virtual
one photon orthopositronium decay channel [18]. This
would lead to orthopositronium to mirror orthopositro-
nium Rabi oscillations. The probability of o-Ps being in
its mirror matter state after a time t is given by
P (o-Ps→ o-Ps’) = exp(−ΓSMt) sin2 Ωt, (1)
with Ω = 2piεν and ΓSM = 7.040 µs−1 the o-Ps de-
cay rate predicted by the SM [19] that has been ac-
curately measured [20, 21]. The branching ratio for
o-Ps→ invisible in vacuum is thus given by:
BR(o-Ps→ o-Ps’→ invisible) =ΓSM
∫∞
0
P (o-Ps’) dt
= 2Ω
2
Γ2SM+4Ω
2 (2)
The experimental signature of this process is the ap-
parently invisible decay of o-Ps, such that the energy
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22me expected for ordinary decays is missing in a her-
metic calorimeter surrounding the o-Ps formation tar-
get. Therefore, the occurrence of the o-Ps → o-Ps’ →
invisible conversion would appear as an excess of events
with zero-energy deposition in the calorimeter above
those expected either from Monte Carlo predictions of the
background or from direct background measurements.
Previous experiments searching for o-Ps→ invisible have
been performed with o-Ps confined in the pores of aero-
gels [22, 23]. The most stringent limit on the branching
ratio of this process is 4.2×10−7 [24]. However, since col-
lisions with matter destroy the coherence of the oscilla-
tion, the branching ratio of the o-Ps→ o-Ps’→ invisible
process is suppressed. In the aerogel pores, o-Ps under-
goes approximately Ncoll = 10
4 collisions per lifetime,
thus the oscillation is inhibited by a factor which is ap-
proximately proportional to
√
Ncoll ' 100. Therefore, an
experiment in vacuum is much more sensitive to ε and
it allows to remove the systematic uncertainty related to
the o-Ps collisions in the pores as it was recently demon-
strated [25].
An upper limit of ε < 3 × 10−8 was deduced by the
successful prediction of the primordial He4 abundance
via Big Bang Nucleosynthesis [26]. Considering addi-
tional cosmological and astrophysical observations such
as cosmic microwave background and large scale struc-
ture formation more stringent bound at a level of 10−9
can be obtained [27, 28]. This values are in the range of
naturally small ε motivated by grand unification models
[29] and by cosmology [30].
EXPERIMENTAL METHOD AND SETUP
The setup consists of a positron beam impinging on a
porous silica target from which a fraction of 30% of the
positrons is converted to positronium emitted into vac-
uum as shown in Fig. 1. The target is surrounded by
91 bismuth germanium oxide (BGO) crystals forming a
highly hermetic calorimeter (ECAL) as shown in Fig. 2.
When positrons hit the target secondary electrons (SE)
are released. The SE are guided to a micro-channel plate
(MCP) by the same magnetic field used for the positrons.
The detection of the SE in the MCP provides the tagging
of the positron arrival at the target opening a gate of 3µs
for the ECAL data acquisition. To decrease the num-
ber of accidental triggers originating from the MCP dark
counts the positron beam is chopped to approximately
300 ns wide pulses at a rate of 333 kHz and then time-
compressed (bunched) using a time dependent potential.
This results in a narrower distribution in the arrival of
positrons at the target. The resulting distributions of
the time difference between opening of the gate and the
arrival of a secondary electron ∆T = tMCP − tgate are
shown in Fig. 4 on the left. Values are negative due to
triggering on the MCP and measuring the time until the
next gate opens.
An event is considered to be zero energy compatible
when each individual crystal i measures an energy be-
low a threshold ETi . The threshold E
T
i is determined by
measuring the normalized energy spectrum fi(E) with
the incoming positron beam shut off and solving the fol-
lowing equation for ETi ,
η =
∫ ETi
−∞
fi(E) dE = 0.999. (3)
This sets an efficiency of 0.999 on each crystal and en-
sures that the total detection efficiency for a zero energy
compatible event is ηtotal = 0.999
91 = 0.913.
For a detailed description of the setup, the reader
should refer to [25, 31]. Here we report two major up-
grades that increased the signal-to-background ratio by
one order of magnitude.
To form positronium at energies of ' 100 meV, the
positrons have to be implanted in the porous silica film
with energies of few keV. This is done by biasing the
target at high potential of typically 13 kV. In the previ-
ous search [25], this resulted in a significant emission of
electrons, which was limiting the sensitivity of the exper-
iment. In fact, the electrons emitted in this way induce
false triggers in the system (i.e. trigger not correlated
with positrons), resulting in a large number of zero en-
ergy compatible events.
The target design has been improved to reduce the
effects of large electric fields near the target due to high
potentials of applied to it. A sketch of the new design is
shown in Fig. 1.
In the previous cavity design the target was separated
from the grounded pipe only by a thin layer of Kapton,
resulting in strong electric fields (≈ 4 kV/cm) near the
target. In the new design a thin 40 nm germanium layer
of 40 mm length was added to connect the target with
the grounded pipe. In this way, the electric fields are
reduced to ≈ 0.5 kV/cm and the electron emission at 3
kV is reduced by a factor of 100.
The tungsten moderator has been upgraded to an ar-
gon moderator, increasing the average positron flux by
up to a factor of 20. Unlike the Gaussian beam profile of
the tungsten moderator, the new moderator has a donut-
shaped beam profile arising from the conical shape of the
source holder used to optimize the positrons moderation
efficiency. Therefore, the secondary electrons are released
closer to the walls of the cavity. This reduces the tagging
efficiency by a factor of 2.
Two main sources of background contribute to the
number of zero energy compatible events, false MCP trig-
gers and o-Ps escaping the detection region as illustrated
in Fig. 3.
False triggers are uniformly distributed in time and can
be caused by dark counts in the MCP or electron emission
3FIG. 1. A sketch of the newly designed cavity. The high
resistance germanium layer connecting the target with the
grounded pipe reduces the extreme fields near the target.
o-Ps formation target
BGO crystals
FIG. 2. The hermetic calorimeter of 91 BGO crystals sur-
rounding the porous silica target. Positrons are injected in
the ECAL through a thin 16 mm diameter vacuum pipe to
reduce the losses of annihilation photons through the aper-
ture. Orthopositronium atoms can only escape the detection
region along the beam direction which is about 200 mm deep
within the ECAL.
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FIG. 3. Sketch showing o-Ps: 1) escaping the detection region
and 2) decaying inside the ECAL.
from the target. Electron emission from the target is
strongly dependent on the set potential. At 2 kV the
electron emission is less than 1 Hz, while at a potential of
3 kV it increases to 50 Hz. Dark counts in the MCP are
at a rate of approximately 0.1 Hz. The contribution from
false triggers can be measured from the data by using a
control region away from the positron pulse arrival.
The emission energy of o-Ps depends on the positron
implantation energy as studied in detail for the used con-
verters with time of flight and Doppler broadening tech-
nique [32, 33]. In the range of voltages used for this
measurement the mean o-Ps energy decreases approxi-
mately linearly from 450 to 170 meV for 2 kV to 3 kV
implantation energies. Therefore, increasing the energy
of the incoming positrons reduces the background from
o-Ps events escaping the detection region as shown in
Fig. 3. The probability for this process was studied with
a detailed Monte Carlo (MC) simulation with Geant 4
validated with previous data [25, 32] and is at a level of
3× 10−5 for 2 keV positron implantation energy.
Moreover, some backscattered positrons can capture
an electron close to the surface of the target and are re-
leased in vacuum before thermalization occurs [34]. The
energy of this fast o-Ps can be up to several eV, whereas
thermalized o-Ps has energies of around several hundred
meV. This fraction of fast o-Ps is also likely to escape the
detection region [35].
DATA ANALYSIS AND RESULTS
The analysis strategy for the search is as follows. We
search for the o-Ps→ invisible decays in the signal region
of data taken at energies E = 2.75 and E = 3.0 keV. For
data taken at these energies the contribution from the
irreducible background arising from fast o-Ps escaping
the detection region, Birr, is expected to be the smallest.
In order to estimate this background, we use a sideband
region of data taken at E = 2.0, 2.25 and 2.5 keV en-
ergies. Since any production of a signal or a signal-like
background must completely be driven by the positron
arrival at the target, we model the shape of both the ir-
reducible background and the expected signal following
the measured pulse shape, as shown in Fig. 4 (left).
The irreducible background in the sideband region
gives the dominant contribution in the data, therefore
it allows to estimate its contribution in the signal region.
The statistical likelihood model used to estimate the ir-
reducible background in the sideband region is as follows:
P (~n|Bc,BRirr) =
∏
i
(Bc +Birr(i))
ni
ni!
e−(Bc+Birr(i)) (4)
where Bc is the coincident background, Birr(i) =
BRirr · K · Φ(Ni) is the irreducible background predic-
tion from the pulse shape of the beam in time bin i, with
Φ(Ni) the positron flux with Ni the number of observed
events in each time bin, while K = η · fo-Ps is the factor
taking into account the o-Ps fraction (fo-Ps = 0.30±0.02)
and the detector efficiency (η = 0.91± 0.01). Using this
model we performed an evaluation of the Bayes theo-
rem and extracted the factor BRirr at each energy. The
agreement between the data and the fit model is shown
in Fig. 4 (right), while the result of the evolution of
the irreducible background and the extrapolation to the
signal region is illustrated in Fig. 5. The irreducible
background contribution is in fair agreement with the es-
4timation of o-Ps escaping the detection region estimated
with the MC.
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FIG. 4. Left: time distribution of the positron pulse at the
target. Right: detected pulse shape after requiring all BGO
cells to have zero energy deposit. The data in this figure was
taken at E = 2.25 keV.
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FIG. 5. Fit result of the BRirr fraction from the irreducible
background in the sideband regions (full circles), and its ex-
trapolation to the signal region (empty squares).
In the signal region we use a modified model,
P (~n|Bc,BRirr,BRs) =
∏
i
(Bc+Birr(i)+S(i))
ni
ni!
× e−(Bc+Birr(i)+S(i)) (5)
where S(i) = BRs · K ′ · Φ(Ni) is the expected sig-
nal with branching ratio, BRs, in time bin, i, and
K ′ = η · fo-Ps · αBR. The scaling factor αBR =
(0.48, 0.51, 0.57, 0.59, 0.63) for E = (2, 2.25, 2.5, 2.75, 3)
keV, takes into account the suppression of the oscillation
of oPs→oPs’ arising from the decoherence induced by the
collisions. This was calculated by numerically solving
the differential equations governing the oscillation pro-
cess including this effect [25]. To extract αBR for a given
positron implantation energy E, the measured positron-
ium velocity distributions [32, 33] were used as an input
for MC simulations in order to estimate the mean num-
ber of o-Ps collisions with the vacuum walls as a function
of E.
We allow the irreducible background to give a contribu-
tion in the signal region, such that its size is constrained
from the sideband measurements. To add this constrain
we use a Gaussian prior on the irreducible background
parameter, BRirr, with a mean and sigma of the Gaus-
sian prior given by the extrapolation from the sideband
regions (see Fig. 5). Finally, we use a joint evaluation of
Bayes theorem for the signal branching ratio using data
from both the E = 2.75 and 3.0 keV measurements.
From the 90% Bayesian credibility interval, we extract
an upper limit of BR(o-Ps → invisible) < 2.6 × 10−5
at 90% C.L. for the case where this process is not af-
fected by decoherence, i.e. for αBR = (1, 1, 1, 1, 1).
When considering the suppression factor for the oscilla-
tion of oPs→oPs’ arising from collisions, an upper limit
of BR(o-Ps → o-Ps’ → invisible) < 4.0 × 10−5 (90%
C.L.) is obtained. By solving equation 2 as a function of
the mixing strength, this can be converted in an upper
bound of ε < 5.8× 10−8.
CONCLUSIONS
No excess of events out of 4.6 × 107 or-
thopositronium decays is observed above the ex-
pected background extracted from the data, thus a
BR(o-Ps→ o-Ps’→ invisible) < 4.0 × 10−5 at 90%
C.L. can be set. This result excludes the existence of
massless mirror dark photons coupling through kinetic
mixing with a strength larger than ε < 5.8× 10−8. This
is the first time that a laboratory experiment reaches
a sensitivity comparable with cosmological bounds.
Future improvements of this experiment include a
neon based moderator and a re-moderation stage in
transmission mode [36]. The overall trigger rate will be
reduced by a factor 3 but the much better quality of the
positron beam (i.e. much smaller energy spread) will
allow to improve the bunching compression and thus
the signal-to-background ratio by at least a factor of 10.
The implementation of a carbon foil will prevent o-Ps
escaping the detection region and improve the confidence
level of the tagging system reducing the background
from electron emission by two orders of magnitude [37].
This will allow to push the experiment to the ultimate
sensitivity of ε ≈ 10−9− 10−10, which is of great interest
both theoretically and phenomenologically.
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